Proteoglycans, a class of carbohydrate-modified proteins, often modulate growth factor signaling on the 14 cell surface. However, the molecular mechanism by which proteoglycans regulate signal transduction is 15 largely unknown. In this study, using a recently-developed glycoproteomic method, we found that 16
Introduction 26 27
Spatial and temporal regulation of growth factor signaling pathways is essential to proper development 28 and disease prevention. Cell surface signaling events, such as ligand-receptor interactions, are often 29 modulated by proteoglycans (D. Xu & Esko, 2014) . Proteoglycans are carbohydrate-modified proteins 30 that are found on the cell surface and in the extracellular matrix. They are composed of a core protein and 31 one or more glycosaminoglycans (GAGs) covalently attached to specific serine residues on the core affects adult wing morphology. When wdp was overexpressed in the wing pouch using Bx MS1096 -GAL4 128 (Capdevila & Guerrero, 1994) (Bx MS1096 >wdp), the wing size was reduced compared to that of control 129 flies (Bx MS1096 >) ( Fig. 3C ; compared to Fig. 3B ). In addition, the distance between longitudinal wing veins 130 3 and 4 (L3 and L4) was aberrantly narrower. This decreased distance between L3 and L4 is indicative of 131 reduced Hh signaling during wing development (Mullor, Calleja, Capdevila, & Guerrero, 1997; Strigini & 132 Cohen, 1997). 133 134 Hh is produced in the posterior compartment of the wing disc and spreads towards the anterior 135 compartment where Hh signaling induces target genes expression in a concentration-dependent manner 136 (Briscoe & Thérond, 2013; Gradilla & Guerrero, 2013; Hartl & Scott, 2014) . Expression of high-137
threshold target genes, such as Patched (Ptc; the Hh receptor) (Capdevila, Pariente, Sampedro, Alonso, & 138 Guerrero, 1994) and Engrailed (En) (Patel et al., 1989) are induced in anterior cells near the 139 anteroposterior compartment boundary by high levels of Hh signaling (Jia, Tong, Wang, Luo, & Jiang, 140 2004) ( Fig. 2A and 2E ). Low levels of Hh signaling induce the expression of dpp and the accumulation of 141 full-length Cubitus interruptus (Ci; the transcriptional factor of Hh signaling) in a broader region (more 142 distant away from the anteroposterior boundary) ( Fig. 2A and 2C ). To determine if Hh signaling is indeed 143 affected by wdp, we overexpressed wdp in the dorsal compartment of the wing disc using ap-GAL4 144 (Calleja, Moreno, Pelaz, & Morata, 1996; O'Keefe, Thor, & Thomas, 1998) . We found that wdp 145 overexpression in the dorsal compartment reduced the expression domains of both "high-threshold" 146 targets (Ptc and En) and "low-threshold" targets (dpp-lacZ 10638 , a reporter for dpp expression, and full-147 length Ci) compared to those in the ventral compartment ( Fig. 2B S1 ). These results are consistent with a previous report (W. Ren et al., 2015) . 158 159 We also found that overexpression of wdp induces massive apoptosis, as detected with anti-cleaved 160
Caspase-3 antibody ( Fig. S2B ). This likely contributed to the smaller adult wing phenotype observed in 161
Bx MS1096 >wdp flies. It was recently reported that Hh signaling is required for cell survival in wing disc 162 cells (Lu, Wang, & Shen, 2017 Next, we asked whether the CS chains of Wdp are required for its function. In a CSPG core-protein, CS is 175 attached to specific serine residues in the consensus serine-glycine dipeptide surrounded by acidic amino 176 acids (Esko & Zhang, 1996) . We generated a UAS-wdp ΔGAG construct in which all three serine residues 177 (S282, S334, and S336) are substituted with alanine residues so that CS cannot be attached to the core 178 protein (Fig. 3A) . The UAS-wdp ΔGAG construct was inserted in the same genomic location (ZH-86Fb; 179 (Bischof, Maeda, Hediger, Karch, & Basler, 2007)) as UAS-wdp using the phiC31 site-specific integration 180 system (Groth, Fish, Nusse, & Calos, 2004) in order to ensure the same expression level of the UAS 181 transgenes. 182 183 We found that Bx MS1096 >wdp ΔGAG adult wings did not display the reduction in the distance between L3 and 184 L4 ( Fig. 3B ). Consistent with this, the expression of Ptc, En, Ci, and dpp-lacZ in the wing disc were not 185 affected by wdp ΔGAG overexpression in the dorsal compartment of the wing disc ( Fig. 3E-G) . These 186 results indicate that CS chains are required for Wdp's activity to downregulate Hh signaling. 187 188
To determine whether the LRR motifs and/or the intracellular domain of Wdp are necessary for inhibiting 189
Hh signaling, we generated several Myc-tagged mutant constructs ( Fig. S3 ) and examined their activities. 190
Consistent with the earlier result ( Fig. 2B In the wing disc, Wdp:HA is expressed in most of the wing disc cells with enrichment in the basal side, as 207 detected by anti-HA antibody ( Fig. 4B and 4C ). This result was confirmed by anti-OLLAS antibody 208 staining of the wdp KI.OLLAS wing discs ( Fig. S3A and S3B ). In the wing disc epithelium, mitotic nuclei 209 apically translocate, but the cells maintain contact with the basal lamina via actin-rich basal projection 210 (Ragkousi & Gibson, 2014) . Interestingly, Wdp:HA is strongly enriched in such basal projections (Fig.  211 4A and 4D). However, physiological significance of this localization of Wdp in the basal projections of 212 mitotic cells is unknown. 213 214 215
Loss of wdp leads to higher levels of Hh signaling 216 217
To determine whether loss of wdp affects Hh signaling activity, we examined the effect of wdp RNAi 218 knockdown in the wing disc. Expression of a wdp RNAi construct (TRiP.HMC06302) using ap-GAL4 in 219 wdp KI.HA/+ flies led to the loss of Wdp:HA staining specifically in the dorsal compartment ( Fig. 4E ), 220
validating the efficacy of RNAi-mediated knockdown of wdp. We then examined the effect of wdp 221 knockdown on Hh signaling using the Ptc expression level as a readout of the Hh signaling activity. In 222 control wing discs (ap>FLP), the signal intensity of Ptc staining in the dorsal compartment is comparable 223
to that in the ventral compartment ( Fig. 5B ). On the other hand, wdp RNAi expression using ap-GAL4 224 increased the signal intensity of Ptc staining only in the dorsal compartment ( Fig. 5A and 5C ). In 225 addition, we observed that the dpp-lacZ expression domain was expanded anteriorly by wdp knockdown 226 ( Fig. 5D ). In the adult wing, knockdown of wdp slightly expanded the distance between wing vein L3 and 227 L4 near the distal tip ( Fig. 5J , compared to Fig. 5I ). Thus, wdp RNAi knockdown results in a moderate 228 increase in Hh signaling. 229
230
To confirm the wdp knockdown phenotypes, we generated a loss-of-function allele of wdp (wdp KO.ΔCDS ), 231
in which most of the wdp coding sequence was removed using CRISPR-Cas9-mediated defined deletion 232 (Gratz et al., 2013) ( Fig. 5E-G) . wdp KO.ΔCDS homozygous mutant clones were induced in the wing pouch 233 using the FLP-FRT system with nubbin (nub)-GAL4 UAS-FLP and their effect on Hh signaling was 234 examined using anti-Ptc antibody. Consistent with the RNAi knockdown results, we observed a modest 235 increase of Ptc expression in cells mutant for wdp ( Fig. 5H In addition to the functions in signaling, Wdp may play other roles. We found that overexpression of wdp 287 results in massive apoptosis in the wing disc, independent of Hh signaling inhibition (Fig. S2 ). Since 288
CSPGs are well known for structural functions, an excess amount of Wdp may affect the epithelial 289 integrity of the wing disc, leading to subsequent apoptosis. Our observation that Wdp is enriched on the 290 basal side of the wing disc and adult midgut cells ( Fig. 4B and S3F Previous studies also reported that wdp is associated with aggressive behaviors in Drosophila species. 299
wdp is upregulated in the head of socially isolated male flies, which exhibit more aggressive behaviors 300 than males raised in groups (L. Wang, Dankert, Perona, & Anderson, 2008). Also, wdp expression is 301 slightly higher in the brain of Drosophila prolongata, which is more aggressive compared to its closely-302 related species (Kudo et al., 2017 
Materials and Methods 317 318
Preparation of glycosaminoglycan-glycopeptides and LC-MS/MS analysis 319 320
Glycosaminoglycan-glycopeptide samples were prepared from wild-type (Oregon-R) and ttv mutant 321 (ttv 524 ) third-instar larvae as previously described (Noborn et al., 2015; . Briefly, 200-400 third 322 instar larvae (wet weight; 200-400 mg) were lyophilized and homogenized using a motor pestle in 1 ml of 323 ice-cold acetone. After extensive washes with acetone, the insoluble fraction was recovered by 324 centrifugation. After overnight desiccation, the pellet was dissolved in 1.5 ml 1% CHAPS lysis buffer and 325 boiled for 10 min at 96°C. The sample was adjusted to 2 mM MgCl2 and incubated with 3 μl Benzonase 326 (MilliporeSigma, Burlington, MA) at 37°C for three hours. After heat-inactivation of Benzonase, the 327 sample was centrifuged and the supernatant was collected in a new tube. 328 329
An aliquot of the preparation (1 mg of protein) was further used. The sample was reduced and alkylated 330 in 1 ml 50 mM NH4HCO3, and trypsinized at 37°C overnight with 20 μg trypsin (Promega, Madison, WI). 331
The digested samples were applied onto DEAE (GE Healthcare, Chicago, IL) columns (600 μl) at 4°C. 332
The columns were washed with three different low-salt washing solutions at 4°C: 50 mM Tris-HCl, 100 333 mM NaCl, pH 8.0; 50 mM NaAc, 100 mM NaCl, pH 4.0; and 100 mM NaCl. The glycopeptides that 334
were bound to DEAE were eluted stepwise with three buffers with increasing sodium chloride 335 concentrations at 4°C: 4 ml 250 mM NaCl, 400 mM NaCl, 800 mM NaCl, and 3 ml 1500 mM NaCl. 336
Each fraction was desalted using PD10-columns (GE Healthcare). 337 338
All fractions were lyophilized and the salt-free samples were then individually treated with 1 mU of 339 chondroitinase ABC (Sigma-Aldrich, St. Louis, MO) for 3 h at 37°C. Prior to MS-analysis, the samples 340
were desalted using a C18 spin column (8 mg resin) according to the manufacturer's protocol (Thermo  341 Fisher Scientific, Waltham, MA). LC-MS/MS analysis was performed as previously described (Noborn et 342 al., 2015; . In brief, the samples were analyzed on a Q Exactive mass spectrometer coupled to an 343
Easy-nLC 1000 system (Thermo Fisher Scientific). Briefly, glycopeptides (2-μl injection volume) were 344 separated using an analytical column with Reprosil-Pur C18-AQ particles (Dr. Maisch GmbH, 345
Ammerbuch, Germany). Fly husbandry and fly strains, and transgenic flies 365 366
The following fly strains were used in this study: 367 were inserted into the pJFRC7 vector. The UAS transgenic flies were generated using phiC31 integrase-386 mediated transgenesis at the ZH-86Fb attP (FBti0076525) integration site. Embryonic injection was 387 performed by BestGene Inc (Chino Hills, CA). Primers used in this study will be available upon request. 388 389
To generate the wdp KO.ΔCDS allele, two sgRNAs (pU6-sgRNA-wdp-1 and pU6-sgRNA-wdp-2) were 390
introduced to delete the wdp CDS. To construct sgRNA plasmids, 5' -391 CTTCGACAGGGCCAACCAGGCGGTC -3' and 5' -AAACGACCGCCTGGTTGGCCCTGTC -3' 392
were annealed (pU6-sgRNA-wdp-1); and 5' -CTTCGAGTGGCCATTGATCACCTGG -3' and 5' -393 AAACCCAGGTGATCAATGGCCACTC -3' (pU6-sgRNA-wdp-2) were annealed and ligated in the NEBuilder HiFi DNA Assembly Master Mix (NEB, E2621S). Similarly, we generated a donor plasmid 408 with OLLAS tags amplified from pJFRC210-10XUAS-FRT>STOP>FRT-myr:smGFP-OLLAS (a gift 409 from Gerald Rubin; Addgene plasmid #63170) . A mixture of 50 ng/µl of pU6-sgRNA-410 wdp-2 and 125 ng/µl of each donor plasmid was injected into the vas-Cas9 embryos by BestGene Inc. 411
The wdp KI.HA and wdp KI.OLLAS alleles were screened by PCR and verified by Sanger sequencing. 412 413
Flies were raised on a standard cornmeal fly medium at 25°C unless otherwise indicated. 414 415 416
Mosaic analysis 417 418
The wdp KO. ΔCDS homozygous clones were generated by FLP/FRT-mediated mitotic recombination (T. Xu 419 & Rubin, 1993) . The FLP expression was induced by nub-GAL4 UAS-FLP. 420 421 422
Immunohistochemstry 423 424
Third-instar larval imaginal discs were stained as described previously ( Goodman, 1987). Alexa488, Alexa548, Alexa564 and Alexa633-conjugated secondary antibodies 457 (Thermo Fisher Scientific) were used at a dilution of 1:500. 458 459 460
Adult wing preparation 461 462
The left wings from female flies were dissected and mounted on slides using Canada balsam (Benz 463
Microscope, BB0020) as previously described (Takemura & Adachi-Yamada, 2011). Images were taken 464 using a ZEISS Stemi SV 11 microscope equipped with a Jenoptic ProgRes C3 digital camera. 
